Pancreatic tissue obtained at subtotal pancreatectomy from 15 infants with persistent hypoglycaemia with hyperinsulinism, and autopsy specimens from 23 age-matched normoglycaemic controls, were studied with morphometric methods after immunocytochemical staining of the four main islet cell types (A, B, D and pancreatic polypeptide cells). In three cases, a focal lesion was detected by gross examination. Macroscopic or microscopic examination did not distinguish the 12 other cases from controls. As found previously, nesidioblastosis was not a specific feature of the pancreas in infantile hypoglycaemia, being observed in age-matched controls as well. In cases with hypoglycaemia the volume density of B cells was not significantly increased; that of the A cells was within normal range. The volume density of pancreatic polypeptide cells was markedly augmented and that of somatostatin cells was significantly decreased. The mean nuclear volume of the B cells was increased by 40% in cases with diffuse changes, but in cases with a focal lesion this increase was restricted to the abnormal area. This finding is of decisive importance for diagnosis and has therapeutic implications. The increase in B-cell nuclear size is thought to reflect an enhanced functional activity of these cells. On the other hand, the figures obtained for the volume density of B and D cells must be viewed with some reservation because degranulation may interfere with accurate detection of these cells.
Thirty years after its initial description by McQuarrie [1] , the syndrome of persistent neonatal hypoglycaemia with hyperinsulinism still remains poorly understood. Nesidioblastosis [2] , i.e. diffuse and disseminated proliferation of islet cells budding off from ducts, has been repeatedly proposed as the underlying pathological lesion in the pancreas [3] [4] [5] [6] [7] [8] [9] [10] [11] . As a consequence of this proliferation, an increase in the mass of insulin cells was proposed to be the morphological antecedent of the hyperinsulinism [12] . Recent observations based on quantitative immunohistochemical investigations have shown, however, that nesidioblastosis is a common feature of the pancreas in normal neonates and infants [13-181.
The concept of nesidioblastosis as the structural lesion underlying persistent neonatal hypoglycaemia with hyperinsulinism has thus been questioned and other aetiologies have been proposed. Thus, a decrease of somatostatin-containing cells was detected in several cases by quantitative histological/histochemical [18] and immunohistochemical [19] [20] [21] [22] analyses of the endocrine pancreas and was corroborated by radioimmunoassay measurements of a low concentration of somatostatin in extracts of whole pancreas [20] . Other reported abnormalities are the loss of centrilobular aggregation of the endocrine cells, and the existence of small clusters of endocrine parenchymal cells throughout the exocrine tissue associated with an islet cell hyperplasia [13] . The latter lesion has been called endocrine cell dysplasia [13, 17] . Although several authors have made a distinction between cases with adenoma and those without a circumscribed lesion [24, 25] , recent studies suggest that the various abnormalities observed in persistent neonatal hypoglycaemia with hyperinsulinism represent different expressions of the same basic defect [19, 23] and the term islet-cell dysmaturation syndrome has been proposed [26] .
Despite the great number of investigations performed in this field, it remains difficult to assess which one of these manifestations could be responsible for the disease and which feature can be considered pathognomonic for histopathological diagnosis. These difficulties probably result from the small number of cases examined in each of the studies and from the limited availability of adequate controls. The aim of the present study was to determine the volume density and the rela- tive proportions of the four principal endocrine cell types of the pancreatic islet parenchyma in a large number of cases with persistent neonatal hypoglycaemia with hyperinsulinism and in numerous age-matched control cases, using specific immunocytochemical staining techniques and precise morphometric methods.
For control purposes, pancreatic glands were remove d within 6 h after death from 23 age-matched infants (seven males and 16 females), born to non-diabetic mothers. The mean birth weight was 3.1 kg (2.3-3.7 kg). Seven had died from cardiac malformation, 12 from infectious diseases and four from various diseases not known to affect the pancreas. The clinical stories of several of these cases have been reported previously, but in only one case (number 6) was the pancreas studied with immunocytochemical morphometry [22] .
Materials and methods

Materials
Pancreatic specimens were obtained at surgical operations (partial or subtotal pancreatectomy) from 15 infants (16 days to 2 years of age). Some clinical and laboratory data relating to these patients are given in Table1. All children were born to non-diabetic mothers. In 13 cases, gross examination did not reveal any particular lesion in the resected pancreas (cases 1-12). In three other cases (also included in Table 1 ), a focal, adenomatous-like lesion was seen (cases 13-15).
Techniques
Specimens from the body and the tail of the pancreatic gland were fixed in Bouin's solution and embedded in paraffin. Sections (5 ~tm thick) were processed by the peroxidase-antiperoxidase (PAP) technique [27] . Guinea-pig anti-insulin (Dr. R H. Wright, Indianapolis, Indiana, USA), rabbit anti-glucagon (Dr. A. Like, Worcester, Massachusetts, USA), rabbit anti-somatostatin (Dr. W. Gepts, Brussels), and rabbit anti-bovine-pancreatic-polypeptide (PP) (Dr. R. E. Chance, Indianapolis, Indiana, USA) antisera were used at dilutions of 1/3,000, 1/4,000, 1/20,000 and 1/40,000, respectively, on four successive sections. Peroxidase was revealed by 3,3'diaminobenzidine, and the sections were counterstained with haematoxylin. The volume density of O fi' 118 "P24 316 D-cells 8 4J~ 9 [] 1,0 Table 1 ).
insulin (B), glucagon (A), somatostatin (D), and PP cells, was determined as previously described [28] . The nuclear profiles of A, B, D and exocrine cells were measured by planimetry with a semi-automatic image analyser (Videoplan, Kontron Bildanalyse, Eching, FRG) and treated by the Wicksell transformation, to obtain the actual size of the nuclei [29] [30] [31] . Nearly 800 profiles of B cell nuclei were measured in each case. Nuclei of exocrine cells were also analysed, as a reference; the absence of difference between the two series excluded any effect of differences in the duration of fixation and embedding procedures. In three cases with marked hypertrophy of the B cell nuclei, the nuclei of the A and D cells were also measured and compared with those from three agematched controls.
Statistical analysis
The results are expressed as mean+ SD. Differences were assessed with the Wilcoxon rank-sum test. The correlation between age and volume density was evaluated by the test of Spearman [32] .
Results
Volume density
The volume density of each endocrine cell type is given in Figure 1 . In normoglycaemic infants, the volume densities of A, B, and D cells were clearly higher at birth than after the first month of life. The decrease was rapid and significant (p<0.01). The volume density of PP cells seemed to make an exception; it remained stable, at least in the body and tail of the gland. Independent of these age-related variations, the volume density of each of the four endocrine cell types was quite variable from case to case.
In hypoglycaemic infants without a focal lesion (cases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , no consistent change in the volume density of the B cells was observed when compared within agematched controls. The mean value, calculated for the cases in the age group 1-36 months, was 4.03 + 1.28%. It was only slightly higher than that in the controls (3.23 + 0.85%); the differences did not reach statistical significance. For the volume density of the A cells, no differences were detected between the two groups. Although the volume density of the D cells in the pancreatic islets of the hypoglycaemic infants was often lower than that of the age-matched controls, this observation was not absolutely constant. In the age-group 1-36 months, the mean value of D cells volume densities (1.17 + 0.81%) was significantly lower than in controls (1.70+0.98%; p<0.01). The volume density of the PP cells was clearly higher in five cases of persistent neonatal hypoglycaemia with hyperinsulinism; this increase was observed over the whole slice and did not result from the inclusion of a pancreatic-polypeptide-rich Figure 1 ).
area in the specimen. In all the other cases, the volume density of the PP cells was within the upper part of the normal range. Nevertheless, the mean for the age group 1-36 months was significantly different from that for the controls (0.32% versus 0.04%; p< 0.01).
In the three infants with a focal lesion, one (case 13) showed a focal adenomatous hyperplasia. This lesion appeared to result from the confluence of numerous big islets, whose individual structure was essentially intact. The two others cases (14 and 15) exhibited histological features reminiscent of those usually observed in isletcell tumours of adult subjects, i.e. a compact, ribbonlike growth-pattern.
The volume density of each endocrine cell type in infants with an adenoma or an adenomatous hyperplasia is given in Table 2 . In two cases (13 and 14) the sum of the volume densities of the four endocrine cell types did not reach 100% because of the persistence of exocrine cells within and around the lesion. In the area of adenomatous hyperplasia, the volume density of B cells was similar to that found in adenomas. Outside the adenoma or adenomatous hyperplasia, the volume densities of each endocrine cell type were within the range of normal controls.
Ratios of B to A and of B to D cells
The ratios of B to A cells and of B to D cells were quite variable (Fig. 2) . In normoglycaemic infants, both ratios were significantly increased with age (p<0.01). In hypoglycaemic infants aged 1-36 months without a focal lesion, the ratios of B to A cells were not significantly different from that in controls (4.80+2.91% versus 3.40 + 1.88%) but the ratios of B to D cells were significantly higher than in normoglycaemic age-matched controls (4.05 _+ 1.65% versus 2.29_+ 0.99%; p< 0.005). In hypoglycaemic infants both ratios tended to decrease with age. In all hypoglycaemic infants with a focal lesion, the B to A and B to D ratios outside the lesion were rather low, and similar to those observed in controls (Table 2) .
Relative percentages of islet cells
The relative percentages of the four endocrine cell types are given in Figure 3 . As previously reported [14] , the relative proportions of B and D cells vary in opposite directions with increasing age, in normoglycaemic infants: the relative percentage of the B cells increases, whereas that of the D cells decreases. The volume density of B and D cells varied from case to case but the individual differences in the relative percentages of B and D cells were less important than their volume density and, as a consequence, in each age group, the coefficient of variation calculated for the relative proportion of B cells and of D cells was systematically lower than that for the volume density of the same cell types.
In hypoglycaemic infants without a focal lesion, sig- (Table 2) . Outside the lesion, the proportion of each cell type remained in the range of normal subjects. The proportion of D cells was nearby 29% and equal to control values in each of these cases.
Nuclear size of the islet cells
In normoglycaemic infants, hypertrophic nuclei were never observed, neither in the B cells, nor in A, D or exocrine cell types (Fig. 4) . A histogram of the distribution of the radius of the B cell nuclei is shown in Figure 5 . The distribution was approximately Gaussian; a comparison between individual values did not disclose any differences.
In hypoglycaemic infants without a focal lesion, a characteristic histopathological feature was observed, i.e. the presence of giant B cell nuclei (Fig. 4) . As illustrated for case 9 (Fig. 5) , the histogram of the distribution of the radii of the B cell nuclei was markedly different from that for the age-matched controls. The distribution curve was not only shifted towards higher sizes, but also disclosed the presence of different populations of B cell nuclei, which is consistent with the giant nuclei observed in some of the B cells (Fig. 4) . This particular feature, although present in each case, became less obvious when the data were pooled because of individual variations. The mean nuclear radius of the B cells (2.99 _ 0.38 ~tm) was significantly larger than that in the controls (2.68 + 0.23 ~tm; p < 0.001). In contrast, the radius of the nucleus of the A cells and of that of the nuclei of the exocrine cells was not different in control and hypoglycaemic subjects. Rarely, D cells with a large nucleus were observed.
In hypoglycaemic infants with an adenoma or an adenomatous hyperplasia, a distinction was made between the B cell nuclei within and those outside the lesion (Fig.5 ). In the adenoma or the adenomatous . B and C Cumulative frequency curve of B-cell nuclear radii in control subjects (O) and in case 9 with persistent hypoglycaemia (B) or in all cases with hypoglycaemia (C). D Cumulative frequency curve of B-cell nuclear radii in adenomas ( 9 and outside adenomas ( 9 Controls are shown by ( 9 hyperplasia, the mean B cell radius was increased (2.95 + 0.32 ~tm). Consequently the cumulative frequency curve was slightly shifted to the right. In contrast, the radius of the B-cell nuclei measured in cells outside the adenoma was equal to -or even slightly smaller thanthat of the B cells of the control cases. Thus, the cumulative frequency curve was slightly shifted to the left. The frequency of B cell nuclei with a radius higher than twice the mean of that of normal B cell nuclei was 0.02% in controls, 0.11% outside the focal lesion, 0.74% in the focal lesion and 1.46% in cases with persistent neonatal hypoglycaemia with hyperinsulinism without focal lesion.
Discussion
As explained in the Introduction, nesidioblastosis as originally defined can no longer be considered a pathognomonic feature of persistent neonatal hypoglycaemia with hyperinsulinism. If excessive nesidioblastosis had indeed been the factor responsible for persistent neonatal hypoglycaemia with hyperinsulinism, one would have expected a large excess of B cells after 6 months of duration. The results of our study, based on a large group of infants, as well as those of others [13, 17] , clearly demonstrate that the volume density of the B cells is at the very most only slightly higher in the pancreas of cases with persistent neonatal hypoglycaemia with hyperinsulinism than in age-matched controls. An increase in size of the B cell nuclei may well have contributed to the apparent increase in volume density on the one hand, but on the other hand a degranulation of hyperactive B cells may have interfered with their detection and therefore erroneously decreased their volume density. As the pancreas is never completely resected at operation, the total mass of B cells cannot be calculated from the volume density. However, there is no evidence that the pancreas is increased in size in these hypoglycaemic infants. On the other hand, several lines of evidence suggest that the primary cause of the disease is not an increase in the B cell mass; the absence of an increase in some cases with proven hyperinsulinism indicates that this occasional increase may be coincidental. Moreover, if hyperinsulinism were indeed due to B cell hyperplasia, it would be difficult to explain why the condition is not always cured after a 80% resection of the pancreas, as observed in our series and in those of others [11, 33, 34] . In contrast, cases with adenoma or focal adenomatous hyperplasia can be restored to normoglycaemia by a partial resection only. All these facts suggest that the initial basic lesions relate to the function of the B cells rather than to their number. This concept is consistent with a study in vitro of the insulin released by islets isolated from a pancreas of a case with persistent neonatal hypoglycaemia with hyperinsulinism, in which an abnormal sensitivity of B cells to glucose was demonstrated [35] .
Since somatostatin has been shown to inhibit insulin secretion, a quantitative deficiency of D cells has also been incriminated in the aetiology of persistent neonatal hypoglycaemia with hyperinsulinism. As also stated in the Introduction, several recent studies of persistent neonatal hypoglycaemia with hyperinsulinism [13, [19] [20] [21] [22] Contrary to the volume density of A cells which does not change in cases with persistent neonatal hypoglycaemia with hyperinsulinism, that of pancreatic polypeptide cells was increased. Although in healthy subjects, hypoglycaemia has been reported to increase the plasma levels of pancreatic polypeptide [36] , it is improbable that repeated hypoglycaemia in these infants is responsible for the observed hyperplasia of this cell type, since it is not present in cases with focal lesions. However, the biological significance of changes affecting cells that are so rare, remains unclear.
The occurrence of polyploid B cells in adult human endocrine pancreas has previously been well documented [37] and the presence of giant B cell nuclei in the pancreas of cases with persistent neonatal hypoglycaemia with hyperinsulinism have been reported [3, 13, 18, [38] [39] [40] . The present study is, however, the first quantitative analysis of these phenomena in the islet parenchyma in cases with persistent neonatal hypoglycaemia with hyperinsulinism and in the age-matched normoglycaemic infants. The increase in nuclear volume of the B ceils was observed in all cases of persistent neonatal hypoglycaemia with hyperinsulinism without a focal lesion. This observation could thus be of diagnostic importance. When observed in the pancreas in a case of persistent neonatal hypoglycaemia with hyperinsulinism, it indicates that the lesion involves the whole pancreas, and that an adenoma or an adenomatous hyperplasia can be ruled out as a cause of the disease. When the nuclei are of normal size, a focal lesion should be suspected and looked for by all possible means.
The exact significance of the hypertrophy of the B cell nuclei remains somewhat unclear. The size of a nucleus has classically been thought to reflect the cell function [41] . This method of evaluating functional activity has been commonly used for endocrine cells in many experimental conditions, both in vitro [42] and in vivo [43] . Polyploidy is an alternative cause of nuclear enlargement and is often also correlated with an increase in a secretory function [44] . It is thus plausible that both the increase in B cell nuclear size and the polyploidy of some of the B cells reflect a hyperfunction. Whether these nuclear features represent a primary abnormality of the B cells as the cause of persistent neonatal hypoglycaemia with hyperinsulinism, or whether they are secondary to a loss -or an impairment -of the mechanisms controlling B cell function, remains to be established. In this respect a derangement of the structural organization of the islets with a failure to develop normal intercellular communications between islet cells is an attractive hypothesis, requiring further investigations.
It has been proposed that the spectrum of morphological alterations reported in persistent neonatal hypoglycaemia with hyperinsulinism, i.e. nesidioblastosis, islet hypertrophy and islet cell hyperplasia, focal hyperplastic adenomatosis, and adenoma, could be the expression of one and the same basic defect [26] . This might be true from a theoretical point of view. But, the fact that in persistent neonatal hypogtycaemia with hyperinsulinism cases with the focal adenoma-like lesion the B-cell nuclei outside the adenoma have an ultrastructure indicative of reduced functional activity [45] , the existence of a normal volume density of B and D cells and a rather low ratio of B to D cells outside the adenoma, as well as the clinical observation that such cases are cured by a partial pancreatectomy, all constitute arguments for clinicians and pathologists to discriminate between these two different aspects of persistent neonatal hypoglycaemia with hyperinsulinism.
